Regioregular poly(3-alkylthiophene)s are widely used in organic electronics applications such as solar cells and field effect transistors. Nickel, palladium, and platinum diphenylphosphinoethane complexes were tested as catalysts for the Grignard metathesis (GRIM) polymerization of 2,5-dibromo-3-hexylthiophene and 2-bromo-5-iodo-3-hexylthiophene. Nickel-mediated polymerization generated regioregular, lowpolydispersity poly(3-hexylthiophene) with well-defined molecular weight consistent with a "living" chain-growth mechanism. By contrast, palladium-mediated polymerization proceeded by a step-growth mechanism and generated polymers with less than 80% head-to-tail couplings. Platinum-mediated polymerization gave very low molecular weight products. Kinetic and computational results suggested that the nickel catalyst acts as an initiator and remains associated with the growing polymer chain, while palladium dissociates from the growing chain. Computational and experimental evidence was provided for various side reactions of dissociated Pd(0) catalyst, which could yield a step growth mechanism and lower regioirregularity. † Electronic supplementary information (ESI) available: 1 H NMR spectra, kinetic plots, and SEC traces. See
Introduction
Poly(3-alkylthiophene)s are the most used semiconducting polymers for organic electronics applications. 1, 2 The asymmetric 3-alkyl-2,5-dihalothiophene monomer can generate multiple intra-monomer orientations: "head-head", "head-tail", and "tail-tail". Regioregular polymers containing almost exclusively head-to-tail couplings have improved opto-electronic properties as compared to the regioirregular analogues. 3 Synthesis of regioregular poly(3-hexylthiophene) (P3HT) utilizing either Kumada or Negishi metal-mediated cross-coupling reactions were rst reported in 1992. [4] [5] [6] [7] [8] [9] [10] Both methods require cryogenic temperatures to generate regioregular polymer. The Grignard metathesis (GRIM) polymerizations was reported by McCullough's group in 1999 and allows the synthesis of regioregular P3HT in large scale without the use of cryogenic reaction conditions. 11 Later, McCullough and Yokozawa reported the quasi-"living" nature of GRIM polymerization. [11] [12] [13] [14] Scheme 1 shows the accepted mechanism for the nickel mediated GRIM polymerization. The cyclic chain growing reaction begins with a M(II)-halide complex bound to the growing chain end (7) . The transition metal M is typically Ni. The nickel complex undergoes transmetalation with the 5-halomagnesium thiophene monomer (2) . Reductive elimination then forms a new thiophene-thiophene bond. The remaining Ni(0)(dppe) complex is speculated to form an "associated pair" with the thiophene chain end. Subsequent oxidative addition to the terminal carbon-halogen bond regenerates the nickel complex.
McCullough and coworkers demonstrated that GRIM polymerization has some characteristics of a "living" chain growth polymerization. This "living" polymerization enabled the endfunctionalization and generated polymers with well-dened molecular weights and relatively narrow polydispersity index. [14] [15] [16] [17] Yokozawa's group also reported the "living" behavior of nickel catalyzed cross-coupling polymerization of 2-bromo-5iodo-3-hexylthiophene. 13, 17 Subsequent work by Luscombe, Kiriy, Locklin, and McNeil 18-27 had provided additional experimental evidence for the presence of the associated pair between Ni(0) and the growing chain. Dissociation of free Ni(0) is presumed to yield various side reactions, possibly including inter-chain coupling, and non-"living" behavior. [28] [29] [30] We investigated the kinetics of GRIM polymerization of 2,5dibromo-3-hexylthiophene (DBHT) and 2-bromo-5-iodo-3-hexylthiophene (IBHT) monomers with Ni(dppe)Cl 2 , Pd(dppe)Cl 2 , and Pt(dppe)Cl 2 catalysts. Experimental results indicated that the metal strongly affects the kinetics of polymerization and the regioregularity of synthesized P3HT polymers. Calculations suggested that the metal affects the stability of the associated pair (9) (Scheme 1), but not the subsequent rate of formation of (7) .
Experimental

Materials
All reactions were conducted under puried nitrogen, using oven-dried glassware. All glassware was assembled while hot and cooled under nitrogen. Commercial chemicals, purchased from Aldrich Chemical Co., Inc., were used without further purication unless noted otherwise. All solvents were freshly distilled prior to use. Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl. t-Butylmagnesium chloride (2 M in diethyl ether) and p-dimethoxybenzene were purchased from Aldrich Chemical Co., Inc. and used without further purication. THF was dried over K/benzophenone and freshly distilled prior to use. Catalyst [1,3-bis(diphenylphosphino)ethane]dichloronickel(II)and [1,3-bis(diphenylphosphino) ethane]dichloropalladium(II) were purchased from Aldrich and used as received. [1,3-Bis(diphenylphosphino)ethane]-dichloro platinum(II) was synthesized accordingly to a published procedure. 31 Structural analysis 1 H NMR spectra of the P3HT polymers were recorded on a Bruker-500 MHz spectrometer at room temperature. 1 H NMR data are reported in parts per million as chemical shi relative to tetramethylsilane (TMS) as the internal standard. Spectra were recorded in CDCl 3 . GC/MS was performed on an Agilent 6890-5973 GC-MS workstation. The GC column was a Hewlett-Packard fused silica capillary column cross-linked with 5% phenylmethyl siloxane. Helium was the carrier gas (1 mL min À1 ). The following conditions were used for all GC/MS analyses: injector and detector temperature, 250 C; initial temperature, 70 C; temperature ramp, 10 C min À1 ; nal temperature, 280 C.
Molecular weights of the synthesized polymers were measured by Size Exclusion Chromatography (SEC) analysis on a Viscotek VE 3580 system equipped with ViscoGELÔ columns (GMHHR-M), connected to a refractive index (RI) detectors. GPC solvent/sample module (GPCmax) was used with HPLC grade THF as the eluent and calibration was based on polystyrene standards. Running conditions for SEC analysis were: ow rate ¼ 1.0 mL min À1 , injector volume ¼ 100 mL, detector temperature ¼ 30 C, column temperature ¼ 35 C. All the polymers samples were dissolved in THF and the solutions were ltered through PTFE lters (0.45 mm) prior to injection.
Polymerization experiment
In a typical experiment, a dry 100 mL three-neck round bottom ask was connected to a nitrogen line and charged with 2,5-dibromo-3-hexylthiophene (1.6 g, 5.0 mmol), p-dimethoxybenzene (internal standard) (0.2 g), and anhydrous THF (10 mL). A 2 M solution of alkyl magnesium chloride (2.5 mL, 5.0 mmol) in diethyl ether (Et 2 O) was added via a deoxygenated syringe, and the reaction mixture was reacted at room temperature for 2 hours. At this time an aliquot (0.5 mL) was taken out and quenched with water. The organic phase was extracted in Et 2 O and subjected to GC-MS analysis to determine the composition of the reaction mixture. The main components of the reaction mixture were 2-bromo-5-chloromagnesium-3hexylthiophene and 5-bromo-2-chloromagnesium-3-hexylthiophene regioisomers. Usually less than 5% of unreacted 2,5-dibromo-3-hexylthiophene was detected by GC-MS analysis. The concentration of 2-bromo-5-chloromagnesium-3-hexylthiophene isomer was estimated to 80 mol%. Before the addition of the catalyst, 40 mL of anhydrous THF was added to the reaction mixture, followed by the addition Ni(dppe)Cl 2 (0.04 g, 0.075 mmol). Aer addition of Ni(dppe)Cl 2 , aliquots (1 mL) were taken at different time intervals and each was precipitated in methanol (5 mL). For each aliquot a sample was prepared in Et 2 O (2 mL) and subjected to GC-MS analysis for the determination of concentration of unreacted monomer. Aer ltration through PTFE lters (0.45 mm), the molecular weight of the polymer samples was measured by SEC with THF as the eluent. Polymerization of 2-bromo-5-iodo-3-hexylthiophene was performed in a similar manner.
Chain scissoring experiment
In a 100 mL two neck ask Pd(dppe)Cl 2 (10 mg, 0.01 mmol) was dispersed in 10 mL of THF under a nitrogen atmosphere. Sodium metal (1 g, 43 mmol) was added to the reaction mixture and was stirred for 5 hours. At this point, the color of the reaction mixture turned to yellowish green which is due to the formation of Pd(0). A solution of poly(3-hexylthiophene), (100 mg, 0.0025 mmol, M n ¼ 38 000 g mol À1 ), was prepared in 100 mL of freshly distilled THF. The Pd(0) catalyst was cannulated into the solution of P3HT. Magnesium bromide (10 mg, 0.05 mmol) was added to the reaction ask and the reaction mixture was stirred for 12 hours under a nitrogen atmosphere. The reaction was quenched with methanol and the polymer was ltered and puried by using Soxhlet extractions with methanol, hexane and chloroform. No polymer was collected from the methanol and hexane fractions. All the polymer was collected from the chloroform fraction.
Computations
All calculations used the Gaussian 09 electronic structure package. 32 Unless noted otherwise, calculations used density functional theory with the M06 exchange-correlation functional; 33 the LANL08 basis set and relativistic effective core potential on Ni, Pd, and Pt; 34, 35 and the 6-31+G(d,p) basis set on all other atoms. 36, 37 Geometries and free energy corrections are evaluated with the PBE0 hybrid exchange-correlation functional and the LANL2DZ basis set and core potential. M06 self-consistent eld calculations use Gaussian keyword "SCF ¼ Tight", and use a numerical integration grid with 99 radial and 590 angular points per atom (Gaussian keyword "Integral(Grid ¼ UltraFine)").
Results and discussion
A magnesium halogen exchange reaction between DBHT and t-butylmagnesium chloride generated regioisomers (2) and (3) (Scheme 1) in a ratio of 80 to 20, as determined by GC-MS analysis. Initially, Ni(dppe)Cl 2 was used as a catalyst and the kinetics of polymerization was monitored. GC-MS analysis of the quenched reaction mixture, aer the addition of Ni(dppe) Cl 2 indicated that only monomer (2) was consumed during polymerization. Isomer (3) was not consumed during the nickel-mediated polymerization. The monomer conversion for the Ni(dppe)Cl 2 catalyzed reaction was thus calculated from the consumption of isomer (2). The conversion vs. time plot (Fig. 1B, top) shows that the polymerization was fast, reaching 98% conversion in 10 minutes. The molecular weight vs. conversion plot (Fig. 1B, bottom) shows a linear increase of molecular weight with conversion. This is consistent with previous reported data which demonstrated the quasi-"living" nature of GRIM polymerization of DBHT with Ni(dppp)Cl 2 initiator. 14 The polydispersity index of the collected polymer samples has a value of $1.23 (the polydispersity index vs. conversion plots is shown in the ESI †).
GRIM polymerization of DBHT was also performed with Pd(dppe)Cl 2 catalyst. Polymerization under the above conditions was very slow, reaching less than 30% conversion in 24 h. To increase the rate of polymerization, the reaction with Pd(dppe)Cl 2 catalyst was performed at 45 C. The conversion vs. time plot (Fig. 1A, top) showed that, even at this elevated temperature, 98% monomer conversion required 12 hours of polymerization time. In a remarkable contrast to the nickelmediated reaction, polymerization with Pd(dppe)Cl 2 catalyst consumed both isomers (2) The observed non-linear dependence of the molecular weight as a function of conversion resembles the behavior of a step-growth polymerization (Fig. 1A, bottom) . GRIM polymerization of DBHT was also performed with Pt(dppe)Cl 2 catalyst. This polymerization was very slow, reaching only 80% conversion in 48 h at 45 C and producing only dimer and small oligomers (M n ¼ 800 g mol À1 ). GC-MS analysis of the reaction mixture indicated the presence of the 5,5 0 -dibromo-4,4 0 -dihexyl-2,2 0 -bithiophene dimer intermediate (6) . This is consistent with the fact that, to our knowledge, platinum catalysts have not been successfully used for Kumada crosscoupling. [38] [39] [40] [41] [42] [43] [44] [45] The polymerization experiments were repeated with IBHT monomer. This monomer is known to form only one regioisomer (2) , which was expected to lead to the formation of regioregular P3HT. The observed reaction rates are comparable to those for DBHT ( Fig. 2, top) . Molecular weight vs. conversion plots also show the same trends as observed for DBHT polymerization, with the Ni(dppe)Cl 2 and Pd(dppe)Cl 2 catalysts respectively displaying linear and non-linear dependence of molecular weight with conversion (Fig. 2, bottom) . As for DBHT, the Pt(dppe)Cl 2 catalyst gave very slow polymerization yielding only dimer and small oligomers. The polydispersity index vs. conversion plots for IBHT polymerizations are included in the ESI. †
Computational investigations
The previously reported paper by McCullough suggested that the "associated pair" (9) is critical to the chain-growth mechanism of GRIM. 14 Based on this prior report, we hypothesized that the high polydispersity and regioirregularity observed for Pd(dppe) catalyst was due to side reactions of free Pd(0), which could be produced by dissociation of the associated pair. (Note that the accepted mechanism of Scheme 1 does not contain free zerovalent metal.) We further speculate that the very slow Pt-catalyzed polymerization is due to "poisoning" by thiophene. First, we examined the potential energy surface for the M(0) [1,2-bis(dimethylphosphino) ethane (dmpe)]-thiophene associated pair to undergo either oxidative insertion into the chain end, or dissociation off of the growing chain. Fig. 3 shows the calculated potential energy surfaces for M ¼ (Ni, Pd, Pt) , with the zero of free energy set to the associated pair. The three metals give roughly comparable free energy differences and barriers for oxidative addition. However, M ¼ Pd had a much smaller free energy of dissociation. Counterpoise corrected calculations give similar trends, with dissociation free energies of 32.9 kcal mol À1 for Ni, 8.3 kcal mol À1 for Pd, and 22.7 kcal mol À1 for Pt. These calculations are unlikely to reproduce the experimental binding free energies, due to limitations of the solvent model, an ideal gas model for translational and rotational free energies, and so on. However, the trends for different metals may reasonably be expected to be qualitatively correct. This suggested that the Pd associated pair is much less stable than Ni or Pt. The calculated total energy for dissociation of the associated pair between Ni(dmpe) and 2-bromo-3methyl-5-(3-methylthiophenyl) thiophene is 48.8 kcal mol À1 , vs. 47.2 kcal mol À1 for the system in Fig. 3 . The calculated oxidative addition barrier for this dithiophene model is 12.3 kcal mol À1 , vs. 11.8 kcal mol À1 for the system in Fig. 3 . It is worth noting that dissociation of the associated pair (9) would yield a di-bromo-terminated thiophene chain. This is in line with the experimental studies, showing that "living" Grignard metathesis yields a high proportion of (H/Br)-terminated chains. 14 Next, we explored one possible mechanism for step-growth kinetics, oxidative addition of free Pd(0)(dmpe) to monomer. Fig. 4 compares the PBE0/LANL2DZ free energy surfaces for Pd(0)(dmpe) oxidative addition to the growing chain (modeled as in Fig. 3 as 2-bromo-3-methylthiophene) vs. Monomer 2 (modeled as 2-bromo-3-methyl-5-magnesiochloro thiophene). The potential energy surfaces are almost identical, indicating that free Pd(0) is as likely to react with monomer as with the growing chain. M06 calculations give qualitatively similar results, with oxidative addition barriers of 13.1 kcal mol À1 for the growing chain and 12.9 kcal mol À1 for the monomer. Transmetallation of this oxidative addition product could yield multiple thiophene chains per Pd and subsequently stepgrowth kinetics.
Similar results were found for Ni(0)(dppe). Relative to the associated pair, the PBE0/LANL2DZ total energy barriers to Ni(0) oxidative addition are 11.8 kcal mol À1 for 2-bromo-3-methylthiophene, 12.3 kcal mol À1 for 2-bromo-3-methyl-5-(3-methylthiophenyl) thiophene, 11.6 kcal mol À1 for 2-bromo-3-methyl-5magnesiochloro thiophene (equivalent to monomer 2 in Scheme 1), and only 10.0 kcal mol À1 for 2-bromo-4-methyl-5-magnesiochloro thiophene (equivalent to monomer 3 in Scheme 1). Next, we explored whether free Pd(0)(dmpe) could produce regioregular polymer.
Here it is critical to recall that Pd(dppeCl 2 ) catalyzed polymerization of IBHT, which only used monomer [2] , still yielded regioirregular polymer. We suggest one possible mechanism for this in Scheme 2. In this mechanism, the free Pd(0)(dppe) discussed above inserts into the middle of regioregular polymer chain [10] (Scheme 2), which could be considered the equivalent of the reverse of reaction 8 / 9 from Scheme 1. The product undergoes transmetalation with free MgBr 2 (Scheme 2) which is the equivalent of the reverse of reaction 7 / 8 from Scheme 1. This transmetalation could produce two possible products depending on which of the two chains is displaced from Pd. Products [13] and [14] (Scheme 2) would produce regioregular polymer, though the kinetics would likely not be chain-growth. In contrast, transmetalation of product [16] (Scheme 2) with monomer [2] (Scheme 1) would generate a second TT defect, and transmetalation of product [15] (Scheme 2) with growing chain [7] (Scheme 1) would introduce a HH defect.
To test whether the back-reaction of Scheme 2 is feasible, we calculated the free energy surface for transmetalation of [7] (which is the equivalent of the oxidative addition product of Fig. 2) with monomer [2] (Scheme 1), and subsequent reductive elimination to the associated pair [9] (Scheme 1). These calculations use Ni(dmpe), preliminary results suggest comparable values for Pd(dmpe). Fig. 5 shows the PBE0/LANL2DZ free energy surface. M06 calculations give qualitatively similar results. The reactant [7 + 2] and product [9] + MgClBr have comparable free energies. The largest free energy barrier was found for the forward direction, and encompasses the loss of MgClBr from the transmetalation product and subsequent reductive elimination.
This suggests that the reactions 7 / 8 / 9 and 9 / 8 / 7 are comparably favorable.
To test whether the proposed chain scissoring for the Pd catalyzed polymerization was possible we performed an experiment using a regioregular P3HT polymer of a known molecular weight (M n ¼ 38 000 g mol À1 , PDI ¼ 1.36). The P3HT polymer used in this study was synthesized by GRIM method using Ni(dppp)Cl 2 as a catalyst. The 1 HNMR spectrum of the P3HT showed 66% of H/Br and 40% of H/H end groups before the chain scissoring experiment. The polymer was dissolved in THF and reacted with Pd(0) for 12 hours. The Pd(0) complex was generated from the reduction of Pd(dppe)Cl 2 with sodium metal. The colour change from brown to green yellow was used as an indicative for the formation of Pd(0) complex. MgBr 2 was added to the reaction mixture containing P3HT and Pd(0) complex to facilitate the transmetallation as proposed in the mechanism shown in Scheme 2. The resulting polymer exhibited a lower molecular weight and a broader PDI as compared to the starting P3HT polymer (ESI †). The molecular weight of the resulting polymer was also reduced to 25 000 g mol À1 from 38 000 g mol À1 while the PDI broadened from 1.36 to 1.60. While it is difficult to predict at which position the scissoring is taking place, the decrease in the molecular weight of P3HT and the broadening of PDI can be reasonably considered as an indicative of the chain scissoring. Moreover, the 1 H NMR analysis indicated that the nal polymer obtained aer the chain scissoring experiment had only H/H end groups (see the 1H NMR spectra in ESI †) which show the absence of a triplet at 2. 6 ppm which is due to the hexyl methylene protons adjacent to the bromine end group.
Conclusions
In conclusion, we studied the mechanistic differences of group 10 transition metal-mediated GRIM polymerization for the synthesis of P3HT. The presented experimental evidence and the proposed mechanisms bring additional support particularly for the presence of the associated pair of 5,5 0 -dibromo-4,4 0dihexyl-2,2 0 -bithiophene dimer and Ni(0) in the mechanism of Grignard metathesis (GRIM) polymerization.
